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This paper reports a new technique that combines the features of Accumulative Roll Bonding (ARB) and 
Asymmetric Rolling (AR). This technique has been developed to enable production of ultra- thin bimetallic 
foils. Initially, 1.5 mm thick AA1050 and AA6061 foils were roll-bonded using ARB at 200°C, with 50% 
reduction. The resulting 1.5 mm bimetallic foil was subsequently thinned to 0.04 mm through four AR 
passes at room temperature. The speed ratio between the upper and lower AR rolls was 1 : 1.3. The tensile 
strength of the bimetallic foil was seen to increase with reduction in thickness. The ductility of the foil was 
seen to reduce upon decreasing the foil thickness from 1.5 mm to 0.14 mm, but increase upon further 
reduction in thickness from 0.14 mm to 0.04 mm. The grain size was about 140 nm for the AA6061 layer 
and 235 nm for the AA1050 layer, after the third AR pass. 

I n recent years, metal laminates have become increasingly popular for engineering applications since they 
I usually exhibit special service performance characteristics 1 . Amir et al. 2 applied the deep drawing technique to 
I produce bimetallic material samples. They found that the laminated deep-drawn metal sheets can be used in 
manufacturing parts with different 'inner' and 'outer' properties such as corrosion resistance, wear resistance and 
thermal and electrical conductivities. Such products are being increasingly used in various fields such as the 
automotive, aerospace, shipbuilding and electrical industries, and also in medical instruments. Meanwhile, 
micro -forming is being recognised as an emerging manufacturing process that involves the fabrication of pro- 
ducts from ultra-thin foil/sheet material. The thickness of the foil/sheet may range from 0.001 mm to 0.3 mm. 
There is a great demand for micro-formed products. As the sheet thickness decreases to the same order of 
magnitude as the material grain size, the mechanical properties of the individual grains will dominate the 
properties of the sheet 3 . The strong anisotropy of the mechanical properties of the grains, combined with the 
variation in orientation of the individual grains, will lead to a strong variation in the forming properties of 
the sheet. Development of adequate manufacturing facilities that can supply micro-formed parts in large numbers 
is therefore a key factor in the successful development of this process 4 ' 5 . Thus, it is very interesting to investigate 
the mechanical properties of ultra-thin nanostructured bimetallic foils and develop technologies for their poten- 
tial application in micro-forming. 

The special properties of nanostructured materials have been attracting a great deal of attention. Bulk fabrica- 
tion of metallic materials using the Severe Plastic Deformation (SPD) technique has probably brought us closer to 
enabling use of nano-materials for structural and functional applications 6 . Variants of the SPD technique, such as 
High-Pressure Torsion (HPT) 7 ' 8 , Equal Channel Angular Pressing (ECAP) 9 ' 10 , Asymmetric Cryorolling 
(ACR) 11 ' 12 , Accumulative Roll Bonding (ARB) 1314 , Asymmetric Rolling (AR) 1516 , etc have been developed to 
enable bulk fabrication of nanostructure or ultrafine grain samples of different metals. Among these, the HPT 
and ECAP techniques are more suitable for small samples, so that the material quantities which can typically be 
produced are rather limited. ACR, ARB, and AR are techniques that have potential application in industries to 
produce continuous products. Yu et al have employed the ACR technique to produce nanostructured Al 1050 11 
and Al 6061 alloys 12 . The grain sizes were seen to be 211 nm for Al 1050 and 250 nm for Al 6061 alloy. 

Compared with the above methods, the ARB and AR techniques are more suited to the production of multi- 
layer materials. It has been shown that the ARB technique can be successfully used to produce multi- component 
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materials with tailored properties by reinforcement or grading. This 
allows optimizing the properties of the product based on those of two 
or more alloys 17 . The ARB technique has been used to fabricate 
products with composite layers of materials, such as Al/Cu/Ni 18 , 
Al/Mg 19 , and different series of aluminium alloys 20 " 23 . Roy et al. 20 ' 21 
used the ARB technique to produce AA2219/AA5086 laminates. 
They reported that a strong bond between adjacent layers, accom- 
panied by a substantial grain refinement, was achieved after 8 ARB 
passes. Saito et al. 22 used the ARB technique to produce AA1100/ 
AA5083 samples with ultrafine grains and 300 MPa tensile strength 
after 6 passes. Quadir et al. 23 used the ARB technique to generate sheet 
material consisting of alternating layers of Al and Al-Sc. They found 
that boundary pinning by nano-size Al 3 Sc particles slows the rate of 
grain coarsening in the Al-Sc layers and that these particles also 
severely impede the growth of grains from the Al layers into Al-Sc 
layers. Su et al. 24 used the ARB technique to produce ultrafine grained 
composite AA1050/AA6061 sheets, and found severe shear bands 
throughout the cross-section of the 5-cycle ARB processed compos- 
ite. However, to date, there have been no reports on the production of 
ultra-thin bimetallic foils using the ARB method coupled with the AR 
technique. 

In the AR process, sheets are passed between rolls that either have 
different diameters, or rotate at different angular speeds. AR has 
significant potential for industrial applications because it requires a 
lower rolling pressure and torque, making it more suitable to produce 
thin sheets or foils. The AR technique involves rolling with an 
imposed shear deformation. This changes the strain path and 
increases the total effective strain level for a given rolling reduction, 
which is also a suitable technique to produce long products with a 
refined grain size 25 ' 26 . Fig. I 11 shows the friction force distribution in 
the rolling deformation zone in AR and in conventional rolling. In 
conventional rolling, there are mainly two zones: forward slip zone 
and backward slip zone, as shown in Fig. 1 (a). In the asymmetric 
rolling, a shear zone appears between the forward and backward 
zones, as shown in Fig. 1(b). In contrast to conventionally rolled 
sheets, AR-processed sheets exhibit uniform microstructure across 
the thickness, and also strength comparable to or exceeding that of 
the commercial Al alloy sheets commonly in use. The material is 
subjected to enhanced shear deformation, while develops high-angle 
grain boundaries, and ultrafine grains are formed by continuous 
recrystallization. Thus the complete strain state imposed on the sheet 
during asymmetric rolling is a combination of plane strain deforma- 
tion and an additional shear component, which can potentially refine 
the grains. Zou et al. 25 used AR to obtain a pure aluminium sheet with 
500 nm grain size. Wronski et al. 26 studied the grain refinement of an 
Al 6061 alloy by asymmetric warm-rolling. In asymmetrically rolled 
sheets with a 91.8% reduction in thickness at 300°C, fine grains with 



an average size of 1 um have been developed 27 . The AR technique has 
also been used to produce multilayer metal products 27 " 32 . Zu et al. 28,29 
used AR to produce bimetallic (Al/Cu) clad sheets. They found that 
the shear friction had a direct impact on the stress state of the indi- 
vidual metals. They also found that lateral shear had the most influ- 
ence on metal flow and bonding strength, and that the difference 
between hard and soft metals gradually diminished with increase in 
the reduction ratio. Pan et al. 30 analysed the bonding strength of 
bimetallic clad samples produced using AR. They found that the 
friction factor at the interface increased and the relative bonding 
length increased as the reduction ratio increased. 

Angella et al. 31 carried out a comparison between the AR and ARB 
techniques as viable methods to bring about refinement in the Al 
6082 alloy grain size. They found that both AR and ARB can result in 
ultrafine grained structures of the alloy. However, there has not been 
much research into a technique that integrates features of both these 
processes. This paper describes the use of a combination of the AR 
and ARB techniques to produce ultra-thin nanostructured AA1050/ 
AA6061 bimetallic foils. The mechanical properties of the foils after 
each pass are analysed. The results show that both the ductility and 
strength of the rolled bimetallic foils increase with thickness reduc- 
tion from 0.14 mm to 0.04 mm. 

Results 

Mechanical properties. Fig. 2(a) shows the Engineering stress vs. 
Engineering strain curves of the samples after each pass, along with 
those for annealed AA1050 and AA6061 sheets. Compared with the 
original annealed AA1050 and AA6061 sheets, the bimetallic foils 
show a nearly three-fold increase in strength. The strength of the 
samples increases with the number of passes, but the increase is only 
slight after the second pass. After the annealing, the tensile strength 
of AA1050 sheet (84 MPa) is less than that of AA6061 (115 MPa). 
After the fourth AR pass, the tensile strength of the bimetallic foils 
reaches 266 MPa. The ductility of annealed AA1050 is better than 
that of AA6061 sheets, and the ductility of the AA1050/AA6061 foils 
shows a large reduction after rolling. In addition, as shown in Fig. 2 
(a), the elastic modulus after ARB decreases slightly compared with 
that of the annealed sheets, and increases with further AR passes. 
During the cold rolling process, the elastic modulus may change 
slightly with the deformation. Benito et al. 32 studied the change in 
elastic modulus of pure iron deformed by cold rolling. They also 
found the above trends. When the annealed sheets are subjected to 
ARB processing, the number of dislocations or non-pinned 
dislocations increases, which results in a diminution of the elastic 
modulus 33 . With further AR passes, the number of dislocations 
storage either in the interior cells or in the peripheral cells will 
increase. This will result in smaller regions of low dislocation 
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Figure 1 | Friction force distribution in (a) conventional rolling and (b) asymmetric rolling. 
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Figure 2 | Tensile test for rolled bimetallic foils after each pass. 

(a) Engineering stress vs. Engineering strain curves; (b) tensile stress, 
(c) engineering failure strain. 

density. There will be more interactions between dislocations, and 
dislocation segment length will be smaller although the dislocation 
density increases, which results in a higher elastic modulus 32 . 
Fig. 2(b) shows the tensile stress of the samples as a function of the 
number of rolling passes. The tensile stress of the samples after the 
ARB process is 200 MPa, and it increases to 250 MPa after the first 
AR pass. With further AR passes, the tensile stress of samples 
increases gradually, reaching —266 MPa after the fourth AR pass. 
Simultaneously, the engineering failure strain of the samples reaches 
a minimum after the second AR pass (Fig. 2(c)). The ductility of the 



Table 1 | Tensile strength and failure strain of the rolled bimetallic 
foils 



Rolling process 



ARB 



AR1 



AR2 AR3 



AR4 



Tensile strength, MPa 
Failure strain 



199.4 247.2 249.5 261.4 266.6 
0.069 0.045 0.036 0.058 0.063 



samples reduces with the number of passes until the second AR pass, 
after which it increases gradually with further rolling passes. The 
values of the strength and fracture strain of samples after each 
rolling pass are listed in Table 1. 

Fracture micrographs. The fracture surface of the materials was 
studied using SEM in order to investigate the mechanism of the 
fracture. Fig. 3 shows the fracture surfaces after tensile tests of the 
samples after ARB and also after AR passes. Fig. 3(a) is the sample 
after the ARB process, and Figs. 3(b) to 3(e) for the subsequent first to 
fourth AR passes. As shown in Fig. 2(a), the ductility of an annealed 
AA1050 sheet is much better than that of an AA6061 sheet. In 
addition, the ductility of an AA1050 sheet should be better than 
that of an AA6061 sheet after rolling with the same deformation 
because there are more alloy elements in the AA6061 sheets. On 
the fracture surface, greater necking and ductile fracture implies 
higher ductility. On the contrary, brittle fracture implies reduced 
ductility. These features are used to identify the material alloys on 
either side of the bimetallic foil. Fig. 3 (a) shows that both the AA1050 
layer and AA6061 layer experience significant necking, implying 
good ductility of the samples but relatively weak interfacial 
bonding. In a subsequent tensile test, the bonding between the 
AA1050 and AA6061 layers can be easily undone. In contrast, as 
seen in Fig. 3 (b), after the first AR pass, only a limited number of 
gaps in the bonding interface are seen, implying greater bonding 
strength between the AA1050 layer and the AA6061 layer. Most of 
the fracture surfaces of the AA1050 and AA6061 layers have a gray 
fibrous appearance with hemispheroidal dimples which occur as a 
result of micro-void formation and coalescence. This is a 
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Figure 3 | Fracture graphs of tensile test samples, (a) ARB processed 
sample, (b) after the first AR pass, (c) after the second AR pass, (d) after 
the third AR pass, (e) after the fourth AR pass. 



SCIENTIFIC REPORTS | 3 : 2373 | DOI: 1 0.1 038/srep02373 



3 




Figure 4 | TEM image of ARB processed sample. 



characteristic of ductile tensile fracture 34 , and a small zone near the 
bonding interface of the AA6061 layer appears to show brittle 
fracture. After the second AR pass, the AA6061 layer appears to 
have undergone total brittle fracture. The contact zone of the 
AA1050 layer also shows small ductility, as shown in Fig. 3(c). 
With further AR passes, the fracture surface in the AA6061 layer is 
still dominated by brittle fracture, and the AA1050 layer by ductile 
fracture, as shown in Fig. 3 (d) and (e). Fig. 3 (e) shows that the 
necking in the AA1050 layer is much larger than that in Fig. 3(c). 
This reflects the increase in the ductility of the bimetallic foil after the 
third and fourth AR passes compared to that after the second AR 
pass. 

Microstructure. Fig. 4 shows a Transmission Electron Microscope 
(TEM) image of the ARB- processed sample. The material 
composition on either side of the interface was determined by 
Energy Dispersive X-ray (EDAX) spectroscopy, as shown in Fig. 5. 
The AA6061 is seen to contain more Mg than AA1050. After the 
ARB process, the average grain size in the AA6061 layer is about 
250 nm. However, the mean grain size in the AA1050 layer is about 
580 nm in the interface region. In the SPD deformation process, the 
Mg content in Aluminium can dramatically refine the grain size 35 . 

Fig. 6 shows TEM images of the interface zone in the rolled sam- 
ples: Fig. 6 (a) is for the ARB- processed sample, and (b), (c) and (d) 
for after the first, third, and fourth AR pass respectively. In Fig. 4, it is 
difficult to observe residual voids at the bonding interface between 
the AA1050 layer and the AA6061 layer. However, it is clearly seen in 
Fig. 6 (a) that the interface between AA1050 layer and AA6061 layer 
is not bonded well through the ARB process. After the first AR pass, 
there are still some residual voids in the interface zone. Meanwhile, 
with the severe plastic deformation in this pass (using a 75% reduc- 
tion ratio), the grain boundary becomes fuzzy, as shown in Fig. 6 (b). 
After the third AR pass, the two layers are bonded quite well, and 
residual voids are virtually eliminated from the test samples. In addi- 
tion, the grain size of the materials has been refined, as shown in 
Fig. 6 (c). With further AR passes, the grain sizes in the two layers 
increase slightly, and they become more uniform, as shown in Fig. 6 
(d). This may be the reason for greater ductility in the samples in the 
tensile test. Fig. 7 shows the log- normal distribution of grain size in 
the AA1050 and AA6061 layers. The average grain size of the 
AA6061 layer is refined to about 140 nm, and the grain size of the 
AA1050 layer is refined to about 235 nm. 
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Figure 5 | EDAX analysis of samples, (a) locations analysed, (b) AA6061, 
(c) AA1050. 



Discussion 

A discussion on interfacial bonding in ARB and AR is presented in 
the following paragraphs, followed by some observations on the 
material properties resulting from ARB and AR. 

In a bimetallic material, the bond strength is an important material 
characteristic. Roll bonding is a solid-state process used to join sim- 
ilar and dissimilar metals. Bonding is obtained when the contam- 
inant-free, stretched surfaces, (Virgin' metal surfaces), are exposed 
and extruded into the virgin material through the cracks of the frac- 
tured covering layer, thus establishing contact and bonding between 
the virgin surfaces in contact. Petrov and Razuvaeva 36 studied the 
effect of uniform pressure on voids and cracks located at the grain 
boundaries in polycrystalline metals at room temperature. They 
found that void healing is realized in polycrystalline metals via the 
dislocation mechanism. Under pressure, shear stresses appear near 
the residual voids, with the result that the pinned dislocation seg- 
ments with edge orientation at the void surface became the sites of 
new dislocations. Above a critical stress, a dislocation loop forms 
and the void boundary is displaced. Thus, the bond dislocation 
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mechanism is effective at room temperature. Theory and experiment 
have shown that the stabilized void size R as a function of pressure P 
is given by the equation, 

1 - (R/R Q f = CP 1 / 4 - P 5 /4 (1) 

G 

where R 0 is the initial void size, C is a constant, P* is the threshold 
pressure, and G is the shear modulus. Due to residual voids around 
the AA1050/AA6061 interface after the first AR pass, imposition of 
the shear stress in the process will improve their bond. In Fig. 6 (c) 
and 6 (d), no gaps are seen at the AA1050/AA6061 interface. 

In Fig. 6 (a), there are some residual voids in the interface region, 
implying a weak bond between the AA1050 layer and the AA6061 
layer, and the two layers undergo separation in the tensile test. A 



number of theoretical models have been developed for the roll bond- 
ing process. Li et al. 37 have reported that the aluminium material 
bonding starts at a threshold reduction ratio of 40%, and this reaches 
a base value of about 60%-70% deformation. With increasing reduc- 
tion ratio, most locations on the interface were seen to bond well. 
Residual voids were seen at a few locations, as shown in Fig. 6 (b). 
These maybe caused by adsorbed contaminants or oxide films. Bay 38 
proposed a theoretical model showing the basic effects of the both 
surface conditions and normal pressures on the bond strength: 

Y-Y' 

G B = (l-^ 2 )Y(p-p E ) + ^ 2 j- ¥ p (2) 

where cr^is the bond strength, x/zis the fraction of the film layer area 
with respect to the total area, Y the surface exposure of the bond 
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Figure 8 | Deformation of a bimetallic foil in AR (V2>V1). 

interface surface, p the normal pressure on base metal surfaces, p E the 
extrusion pressure, and Y the threshold surface exposure for the 
contaminant film. With further rolling passes, a good bond is seen 
over the entire interface. In addition, for prediction of the bonding 
strength of materials resulting from rolling, Govindaraj et al. 39 also 
presented a bonding strength model considering the effect of equi- 
valent strain at the interface: 

V3, 
2 



<r b =K 1 a 0 exp(- —K 2 Se) 



(3) 



where cr b is the bond strength; <j 0 the tensile stress of sheets; K Y and K 2 
are constants depending on the plasticity of the sheet material and 
the preparation of the welded surfaces, and e e is the equivalent strain 
at the interface. In the AR process, the equivalent strain is larger than 
that in conventional rolling. Eq. (4) shows the mean equivalent strain 
in the sheet induced by the AR process 40 : 



8 e = 



2 r rC 1 " 



tan0] 2 } 1/2 ln 



-r) 



(4) 



where r = 1 — (t\ / to), with t 0 and t Y the thickness of the sheet before 
and after AR, and 0 is the apparent shear angle at a given position of 
the element perpendicular to the surface of the sheet before rolling. 
The shear angle 6 will change with the processing parameters such as 
diameter, speed, and friction difference between the upper and lower 
rolls, and as a result affects the bond strength between layers in 
laminate material production. Eq. (4) implies that the equivalent 
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Figure 10 | Equivalent strain distribution in section at the exit of the 
rolling deformation zone. 

strain induced by AR is larger than that by conventional rolling. 
However, the deformation behaviour of ARB -processed sheets sub- 
jected to subsequent AR is complex. Pan et al. 30 divided the rolling 
deformation region into four distinct zones for bimetallic sheets 
during the rolling process, as shown in Fig. 8: Zl for the unbonded 
region, Z2, Z3 and Z4 for the bonded regions. 

Following this model, a numerical model using the Finite Element 
Method (FEM) was set up to calculate the equivalent strain distri- 
bution in rolling processes. Fig. 9 (a) shows the equivalent strain 
distribution in a bimetallic sample in the rolling deformation zone 
during conventional rolling, while Fig. 9(b) shows the corresponding 
situation for AR. Fig. 9 shows that in both processes, the strain 
distribution is similar in zones Zl and Z2. However, in zones Z3 
and Z4, the strain distribution is more uniform following AR com- 
pared to conventional rolling. Fig. 10 shows the equivalent strain 
distribution in the interior of the foil at the exit near the deformation 
zone. Compared with conventional rolling, the equivalent strain is 
generally higher and more uniform than when using the AR tech- 
nique. Under these rolling conditions, the mean equivalent strain at 
the interface reaches 1.9 using the AR technique, compared to only 
about 1.6 for conventional rolling. Eq. (3) suggests that the bonding 
strength of interface of AA1050/AA6061 by AR will be greater than 
that due to the conventional rolling technique. 

Strength and ductility are the key mechanical properties of 
any material, but typically they have contrary characteristics. 
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Figure 9 | Equivalent strain distribution in rolling deformation zone, (a) conventional rolling, (b) asymmetric rolling. 
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Table 2 


Chemical compositions 


of AA 6061 


and AA1050 














wt% 


Si 


Fe 


Cu 


Mn 


Mg 


Zn 


Ti 


Cr 


Al 


AA6061 


0.4-0.8 


0.7 


0.15-0.4 


0.15 


0.8-1.2 


0.25 


0.15 


0.04-0.35 


Balance 


AA1050 


0.25 


0-0.4 


0.05 


0.05 


0.05 


0.05 


0.03 




Balance 



SPD- processed metals are generally stronger and less ductile com- 
pared to coarse-grained materials. AR can induce significant shear 
strains arising from the contact condition between the rolls and the 
sheet surfaces. The shear stresses cause the grain boundaries to 
move 41 . Thus, it is possible to obtain a quasi-constant shear strain 
distribution across the material thickness 26 . Asymmetrically rolled 
sheets exhibit uniform a microstructure across the thickness dir- 
ection, in contrast to the conventionally rolled sheet, and a strength 
comparable to or exceeding that of the commercial Al alloy sheet 
commonly in use 6 . According to the Hall-Retch formula, 

o r = Oi + kyD- l l 2 (5) 

where k y is the Petch parameter and D is the grain size. It is seen in 
Fig. 6 that the grain size gradually decreases with each deformation 
pass. As shown in Fig. 2(b), with a higher number of AR passes, the 
tensile strength gradually increases. Simultaneously, the ductility 
decreases until the second AR pass. Subsequently, with further AR 
passes, both the ductility and the strength of the bimetallic foil 
increase. Some recent studies show that the nanostructure may lead 
to a unique combination of high strength and ductility. Wang et al. 42 
created nanostructured copper by cryorolling and heat treatment, 
and the product showed high ductility and high strength. The reason 
for this behaviour is that, while the nanocrystalline grains provide 
strength, the embedded larger grains stabilize the tensile deformation 
of the material. Hoppel et al. 43 found that in pure Al subjected to ARB, 
both the ductility and the strength could increase compared to a 
conventional cold rolled state. This can be explained by the process 
of thermally activated annihilation of dislocations at the grain 
boundaries 44 . The grain size in Fig. 6 (d) is slightly greater than that 
in Fig. 6 (c). In addition, Liu 45 presented a model to predict the 
ductility of ultrafine materials: 

& u = Zy+ n ln (~ 7 1 /^0.5 ■ n ) ( 6 ) 



Oo 



^ soo (l-A s /D)^ + 0 y 



with 



0q = C 1 M 2 oih/2 



where s u is the uniform strain; s y the elastic strain; D the grain size; 
<7 500 overall dislocation stress at steady state as D — > o°; A 5 the dis- 
location cell size at steady state; C x a measure of the probability of a 
moving dislocation of unit length to be stopped and subsequently 
stored at an obstacle; M the Taylor orientation factor; a a constant; fi 
the shear modulus, and o y the yield stress. The ductility is a function 
of temperature and strain rate, but independent of strain and grain 
size. This model suggests that the stability of plasticity in ultrafine 
grained materials could increase to maintain the small-angle grain 
boundaries. The SPD process results in many large grain boundaries 
in the samples. In addition, there are still some small-grain bound- 
aries which might result in a change in the ductility. There are also 
some reports showing that the sheet thickness will affect the strength 
and ductility when the thickness is lower than a threshold value. Suh 
et al. 46 found that the tensile strength and ductility of Al 6K21-T4 
sheets decreased almost linearly with reduction in thickness, when 
the thickness was reduced below a critical value. With a reduction in 
the sheet thickness, the grains on the free surface are less constrained 
and can be more easily deformed at a substantially lower flow stress 
than is the case in the bulk state 46 . In present study, the results do 
not show an obvious size effect that might be due to the number of 
nano-sized grains compared to the foil thickness. For that reason, the 



mechanical properties of thicker samples produced using the pro- 
posed technique are likely to be better. 

In summary, the ARB and AR techniques were coupled to produce 
ultra-thin nanostructured bimetallic foils. A 1.5 mm thick AA1050/ 
AA6061 was produced using the ARB technique, which was subse- 
quently subjected to multiple AR passes to finally fabricate a 
0.04 mm thick bimetallic sample. After the third AR pass, the grain 
size of the AA6061 layer was seen to be 140 nm and that of the 
AA1050 layer 235 nm. With an increasing number of AR passes, 
the tensile stress of the bimetallic increases gradually. The ductility 
reduces until the second AR pass. With further AR passes, both the 
tensile stress and the ductility increase. Following only the ARB 
process, the interface between AA1050 layer and AA6061 layer 
was not seen to bond well. Some residual voids in the interface region 
were observed after the ARB process. With an increasing number of 
AR passes, the number and size of residual voids was seen to decrease 
gradually. After the third AR pass, an excellent bond was observed. 

Methods 

Sheets of commercial aluminium alloys (AA6061 and AA1050) of dimensions 
60 mm (width) X 1.5 mm (thickness) were used to fabricate the bimetallic foils. The 
chemical compositions of the two alloys are listed in Table 2. The AA1050 sheet was 
annealed at 450°C for 1 hour and the AA6061 sheet was annealed at 500°C for 2 hours 
to achieve a fully homogeneous microstructure 24 . First, the two sheets were stacked 
together and welded at one end (total thickness 3.0 mm). The composite sheet was 
pre-heated to 200°C for 3 min in a furnace and then subjected to one ARB pass (rolled 
with a nominal reduction of 50% under dry conditions) 24 . The resulting 1.5 1mm thick 
ARB sheets were cooled to room temperature, and subjected to AR to reduce the 
thickness progressively from 1.5 mm to 0.04 mm. AR was carried out on a multi- 
function rolling mill 11 . The maximum rolling force was 50 kN, and the 120 mm 
diameter rolls were independently driven by two 5.5 kW motors. The rolling speed 
ratio between the upper and lower rolls was set as 1 : 1.3. During the rolling process, 
the AA6061 side of the bimetallic sample was in contact with the lower roll. The 
rolling schedule is presented in Table 3. During AR, the reduction ratio in each pass is 
larger than 50%, which means that the final equivalent strain in the foil after one ARB 
pass followed by four AR passes is larger than that after five circular ARB passes. 

After each AR pass, the samples were machined into 25 mm gauge length ASTM 
specimens. Uniaxial tensile tests were conducted with an initial strain rate of 1.0 X 
10" 3 s" 1 on an INSTRON machine operating at constant speed. All tests were 
repeated three times. Scanning Electron Microscopy (SEM) was used primarily to 
reveal details of the fracture mechanism in bonding of the bimetallic sample after each 
pass. The tensile-tested samples were cut into small square (5 mm X 5 mm) pieces, 
and the fractured tips were mounted and carefully aligned upwards on the standard 
SEM stub. The morphology of the fractured surface of the bimetallic sheets was 
studied with a Zeiss Auriga Field Emission Scanning Electron Microscope (FESEM) 
operating at 20 kV with a working distance of about 15 mm. The secondary electron 
images for the top down view were recorded at the same magnification for compar- 
ison. The RD-ND plane of the rolled samples was employed to carry out the TEM test. 
Based on the nanoindentation marks near the interface of AA6061/AA1050 (with the 
same force, the indentation depths for two sides are different), an FEI xT Nova 
Nanolab 200 Dualbeam workstation was used to prepare thin-foil specimens from the 
bimetallic foils for further TEM observation. The specimens were then placed on a 
standard carbon film Cu grid using an ex-situ lift-out method. A Philips CM200 Field 
Emission Gun Transmission Electron Microscope (FEG/TEM) equipped with a 
Bruker Energy Dispersive X-ray (ED AX) Spectroscopy system operating at an 
accelerating voltage of 200 kV was used to investigate the details of the microstruc- 
ture, and the ED AX was employed to determine the material composition on either 
side of the bond plane. 



Table 3 Schedule of rolling process 


ARB 


AR 




Rolling process, number Pass 0 Pass 1 


Pass 2 Pass 3 


Pass 4 


Strip thickness, mm 1.5 0.35 


0.14 0.07 


0.04 
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Finite Element (FE) simulations of the deformation process under both conven- 
tional rolling and AR were carried out on ANSYS/LS-DYNA, using the actual rolling 
condition of the first AR pass with the ARB-processed bimetallic sheet. The FEM has 
been widely used in analysis of rolling problems 47 , including bimetallic material 
rolling process 48 . In the simulation, the thickness for both AA1050 and AA6061 layers 
after the ARB process was assumed to be 0.75 mm. As in the experiments, the ratios of 
rolls speed were set as 1 : 1.0 and 1 : 1.3 respectively. The friction coefficient between 
the sheet and the roll was set as 0.15 49 . During the rolling process, the rolls were 
regarded as perfectly rigid. Isotropic material models were used for the AA1050 and 
AA6061 layers. The yield stresses for AA1050 and AA6061 layers were 150 MPa and 
195 MPa respectively, as calculated by the relationship between hardness and yield 
stress using the hardness value in Ref. [24] . In the 2D simulation, temperature change 
and the sheet width spread were neglected. In the rolling process, the roll rotates with 
a constant angular speed, and the bimetallic foil enters the roll with an initial velocity 
and exits under the action of the friction force. 
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